Mouse embryos homozygous for the loop-tail (Lp) mutation fail to initiate neural tube closure at E8.5, leading to a severe malformation in which the neural tube remains open from midbrain to tail. During initiation of closure, the normal mouse neural plate bends sharply in the midline, at the site of the future floor plate. In contrast, Lp/Lp embryos exhibit a broad region of flat neural plate in the midline, displacing the sites of neuroepithelial bending to more lateral positions. Sonic hedgehog (Shh) and Netrin1 are expressed in abnormally broad domains in the ventral midline of the E9.5 Lp/Lp neural tube, suggesting over-abundant differentiation of the floor plate. The notochord is also abnormally broad in Lp/Lp embryos with enlarged domains of Shh and Brachyury expression. The paraxial mesoderm shows evidence of ventralisation, with increased expression of the sclerotomal marker Pax1, and diminished expression of the dermomyotomal marker Pax3. While the expression domain of Pax3 does not differ markedly from wild-type, there is a dorsal shift in the domain of Pax6 expression in the neural tube at caudal levels of Lp/Lp embryos. We suggest that the Lp mutation causes excessive differentiation of floor-plate and notochord, with over-production of Shh from these midline structures causing ventralisation of the paraxial mesoderm and, to a lesser extent, the neural tube. Comparison with other mouse mutants suggests that the enlarged floor plate may be responsible for the failure of neural tube closure in Lp/Lp embryos.
Introduction
Patterning of the vertebrate neural tube and somites is controlled by signals originating ventrally, in the floor plate and notochord, and dorsally, in the surface ectoderm and roof plate (Van Straaten et al., 1988; Placzek et al., 1990; Yamada et al., 1991; Basler et al., 1993; Dickinson et al., 1995) . Ventral signalling is mediated primarily by the product of the Sonic hedgehog (Shh) gene (Echelard et al., 1993) and is responsible for specifying the differentiation of motor neurons and other ventral neuronal cell types. Dorsal signals include bone morphogenetic proteins (BMPs) that appear to induce formation of the neural crest and dorsal neuronal types (Liem et al., 1995) , and Wnt genes that induce myotomal differentiation within the somites (Münsterberg et al., 1995; Stern et al., 1995) . These signalling interactions are under way prior to the start of neural tube closure as indicated, for instance, by the presence of a median hinge point (MHP), the precursor of the floor plate, within the neural plate during the initial elevation of the neural folds (Shum and Copp, 1996) . However, there have been few studies of dorso-ventral signalling at these early stages and the role these interactions may play in the morphogenetic process of neurulation remains unknown.
Loop-tail (Lp) is a potentially useful mouse mutant for analysis of the role of midline signalling in neural tube closure. Lp is unique among the many mouse mutants that exhibit neurulation defects (Copp et al., 1990) , in being the only one that fails to initiate neural tube closure at the cervical/hindbrain boundary, so-called Closure 1 (Kaufman, 1979; Sakai, 1989) . Lp homozygotes subsequently develop a malformation closely resembling human cranio-rachischisis (Strong and Hollander, 1949; Stein and Rudin, 1953; Harding and Copp, 1997) , in which the neural tube remains open from midbrain to low spine.
Previous studies suggested that early failure of neurulation in Lp homozygotes may result from a reduced rate of axial elongation (Smith and Stein, 1962) which, in lower vertebrate embryos, is known to depend on convergent extension movements (Schoenwolf, 1991; Weliky et al., 1991) . However, we found that axial elongation is unimpaired in Lp/Lp embryos prior to the stage of initiation of neural tube closure, only becoming abnormal following failure of neural tube closure (Gerrelli and Copp, 1997) . Thus, a shorter body axis appears secondary to the failure to initiate neural tube closure in Lp homozygotes. Other possible defects that could lead to failure of neurulation include reduced expansion of the surface ectoderm (Alvarez and Schoenwolf, 1992) , overgrowth of the neuroepithelium (Patten, 1952) , or diminished contraction of apical actincontaining microfilaments (Baker and Schroeder, 1967 ). We measured rates of cellular proliferation, but could detect no abnormalities in any tissue prior to the onset of failure of neural tube closure in Lp/Lp embryos (Gerrelli and Copp, 1997) . Moreover, use of fluorescein-conjugated phalloidin to stain apical microfilaments revealed no abnormalities in Lp/Lp embryos (Cogram and Copp, unpublished work) .
In view of these findings, we designed the present study to examine the structure of the axial tissues, and the expression patterns of developmentally significant genes, in Lp/Lp, Lp/+ and +/+ embryos around the stage of initiation of neural tube closure. We find over-abundant differentiation of the floor plate in Lp homozygotes, enlargement of the notochord, and ventralisation of the paraxial mesoderm. Dorso-ventral patterning within the neural tube exhibits ventralisation at caudal levels. A comparison of Lp with other mouse mutants, in which differentiation of the somites is abnormal, suggests that somite defects are unlikely to be responsible for the failure of initiation of neural tube closure. We conclude that the loop-tail phenotype is most likely to result from mechanical interference of the enlarged floor plate region with bending of the neuroepithelium, precluding apposition of the neural fold apices.
Results
Failure to initiate neural tube closure at the cervical/hindbrain boundary in Lp/Lp embryos yields a phenotype in which the neural tube is open throughout the hindbrain and spinal region (Fig. 1A,B) . With subsequent development, the exposed neuroepithelium degenerates producing the appearance of cranio-rachischisis in late fetuses (Fig.  1C) . Skeletal preparations reveal the presence of sternal defects and multiple rib fusions (Fig. 1D ,E) as described previously (Stein and Mackensen, 1957) . The neural arches throughout the hindbrain and spine are unfused dorsally and are splayed apart, as expected in view of the persistently open neural tube. A more specific defect is also observed solely at cervical and upper thoracic levels (i.e. at the level that neural tube closure is initiated in normal embryos), where the ossification centres of the vertebral bodies are often duplicated and out of register bilaterally (Fig. 1F,G) .
Altered morphology of floor plate and notochord in homozygous loop-tail embryos
In order to investigate the embryonic mechanisms leading to failure of neural tube closure in Lp/Lp embryos, we examined the morphology of the mid-axial tissues in transverse sections of loop-tail embryos at E8.5, immediately prior to the normal stage of initiation of neural tube closure (Fig. 2) . Light and scanning electron microscopy both reveal a marked broadening and flattening of the ventral midline of the neural plate in Lp/Lp embryos compared with their heterozygous and wild-type littermates (Fig. 2) . Lp/+ and +/+ embryos exhibit a sharp bend in the midline of the neural plate, at the median hinge point, the future floor plate ( Fig.  2A ,C) whereas, in Lp/Lp embryos, a flat region of midline neural plate appears to displace the sites of neuroepithelial bending to more lateral positions (Fig. 2D ). This defect is especially severe in the caudal region, between the level of the somites and the rostral extremity of the primitive streak whereas, at more cranial levels, neural fold elevation in Lp/ Lp embryos closely resembles that in wild-type embryos.
The notochord also appears enlarged in histological sections of Lp/Lp embryos ( Fig. 2A,B) , and this abnormality also appears more marked towards the caudal end of the embryo. In some Lp/Lp embryos, the notochord appears loosely organised comprising two or three parallel longitudinal structures (Fig. 2B ).
Floor plate and notochord have broadened gene expression domains in Lp embryos
Using whole mount in situ hybridisation, we examined the expression of markers of floor plate and notochord in embryos at E9.5 and E10.5. Shh is expressed similarly in the midbrain, forebrain, foregut and hindgut in +/+, Lp/+ and Lp/Lp embryos ( Fig. 3A-C) . By contrast, the floor plate exhibits an abnormally broad domain of Shh expression in Lp/Lp embryos compared with their +/+ and Lp/+ littermates (Fig. 3C,E) . At E9.5, the abnormality is most marked in the trunk around the level of the forelimb bud whereas, at E10.5, the excessively broad domain of Shh expression extends the entire length of the persistently open hindbrain and spinal neural tube (data not shown).
The floor plate marker Netrin1 also exhibits an abnormally broad domain of expression in the midline of Lp/Lp embryos, compared with +/+ and Lp/+ embryos (Fig. 3F,G) , and the notochordal marker Brachyury exhibits a similar broadening of expression domain in the notochord of E9.5 day embryos (Fig. 4B) , with increased Brachyury-expressing notochordal cells in Lp/Lp embryos in transverse section (Fig. 4C,D) . These findings suggest excessive formation of floor plate and notochord in the midline of Lp/Lp embryos at E9.5 and E10.5.
To determine whether these broadened expression domains are a consequence of having a persistently open neural tube per se, we examined regions of spina bifida in E10.5 embryos homozygous for the splotch (Sp 2H ) mutation. Here, despite the presence of a large region of open neural tube, we observed a Shh-positive floor plate of normal width (data not shown), suggesting that the defect of floor plate and notochord is specific to the loop-tail mutant.
Midline gene expression is abnormal in Lp embryos prior to neural tube closure
We next examined expression of Shh in E8.5 embryos (4-8 somites), prior to the initiation of neural tube closure. Shh is expressed along the entire length of the notochord as well as in a broader domain within the rostral portion of the primitive streak and in the endoderm of foregut and hindgut pockets (Fig. 5B) . Shh expression at the ventral edge of the neuroepithelium marks the onset of floor plate formation at this stage (Fig. 5D,E) . Lp/Lp embryos closely resemble their +/+ and Lp/+ littermates in Shh expression except that, when viewed from the ventral surface, an apparent splitting of the notochordal expression is evident at the level of somites 4-5 (compare Fig. 5A and C), where neural tube closure is initiated in normal embryos. In transverse sections, the notochordal expression is seen to be diminished in the midline giving the impression of a split structure in whole mounts (Fig. 5E ). Some embryos (2/6 examined) exhibit this appearance also at more caudal levels (data not shown) whereas, in the remaining embryos, the defect is localised to the level of somites 4-5 (Fig. 5C ). At more rostral levels, Shh expression appears normal in all Lp/Lp embryos.
Brachyury is also expressed throughout the notochord at E8.5, with a generally similar appearance in Lp/Lp, Lp/+ and +/+ (Fig. 4A ). However, careful microscopic examination reveals an abnormality of Brachyury expression, with a patch of non-expressing cells in the midline of the rostral end of the primitive streak of Lp/Lp embryos (arrowhead in Fig. 4A ). In contrast, Lp/+ and +/+ embryos exhibit uniform expression of Brachyury throughout the primitive streak. Thus, abnormalities of gene expression in the notochord, and possibly primitive streak, precede the stage at which neural tube closure is normally initiated and may indicate an underlying abnormality in the Lp/Lp node, the precursor of the notochord and floor plate. 
Abnormalities of gene expression in the somites of Lp embryos
Light and scanning electron microscopy reveal that the somites are poorly condensed, irregularly shaped, and less well epithelialised in Lp/Lp embryos than in their +/+ and Lp/+ litter mates (Figs. 1B and 2). To determine whether these abnormalities reflect early disturbance of somitic specification, we examined several markers of paraxial mesodermal gene expression by whole mount in situ hybridisation.
The sclerotomal marker Pax1 is expressed with greater intensity, within an extended expression domain, in the somites of Lp/Lp embryos compared with their Lp/+ and +/+ littermates (Fig. 6A,B) . On the contrary, Pax3 expression in the dermomyotome is diminished in Lp/Lp embryos compared with control littermates (Fig. 6C,D) , reflecting the smaller dermomyotomes of the mutant embryos. Similarly, Netrin1 expression is down-regulated in the dermomyotome of Lp/Lp embryos compared with +/+ littermates (Fig.  3F,G) . These data suggest a diversion of somitic cells towards sclerotome differentiation at the expense of dermomyotome production in Lp/Lp embryos. Notwithstanding these regional alterations in somitic gene expression, we found that the general somite marker Mox1 is expressed in a closely similar fashion in Lp/Lp embryos as in their Lp/+ and +/+ littermates (Fig. 7E,F) , suggesting that overall allocation of cells to somite differentiation is similar in mutant and wild-type embryos.
We also found a striking abnormality of Notch1 expression in loop-tail embryos. Prior to its expression in the developing neuroepithelium, Notch1 is expressed in the rostral presomitic mesoderm, just caudal to the most recently formed somite (Reaume et al., 1992) . Although transcripts are present at both E8.5 and E9.5 in Lp/Lp embryos, the domain of Notch1 expression is less intense and the boundary between expressing and non-expressing cells is less distinct than in +/+ (Fig. 7A,B) . Lp/+ embryos exhibit an intermediate appearance. Transverse sections of E9.5 embryos reveal a diminished intensity of expression of Notch1 in Lp/Lp embryos compared with wild-type (Fig.  7C,D) .
Disturbance of dorso-ventral patterning in the looptail neural tube
We next examined markers of dorso-ventral patterning in the neural tube. Pax3 is expressed in the dorsal half of the E10.5 wild-type neural tube (Fig. 6C ) and we found that the neuroepithelium of Lp/Lp embryos also expresses Pax3 in its dorsal half, despite the fact the neural tube is open with the neuroepithelium splayed laterally on the surface of the and Lp/Lp (C,E,G) embryos at E9.5. Shh is expressed along the entire length of the notochord and floor plate, as well as in the foregut and hindgut (A,B,C). Lp/Lp embryos (n = 6) exhibit a broader domain of mid-axial expression (arrow in C) than either +/+ (n = 5) or Lp/+ (n = 8). In transverse section (D,E), the broader Shh expression domain observed in Lp/Lp whole mounts can be seen to result from a markedly broader floor plate (arrow in E), plus a somewhat broadened notochord (arrowhead in E), compared with the corresponding structures in wild-type (D). Netrin1 is expressed only in the floor plate and somites at E9.5 (F,G). The floor plate expression domain is expanded laterally in Lp/Lp embryos (arrow in G; n = 5) compared with +/+ (arrow in F; n = 4). The gap within the floor plate of the +/+ embryo (F) is a histological artefact. Expression of Netrin1 within the paraxial mesoderm is most intense in the dermomyotome (arrowheads in F), and this expression is markedly reduced in the Lp/Lp embryo (arrowheads in G), in contrast to the increased expression in the mutant floor plate. f, foregut; h, hindgut. Scale bars: A-C = 0.8 mm; D-G = 0.2 mm. paraxial mesoderm (Fig. 6D) . Similarly, Pax6, which is expressed in a band encompassing the ventral portion of the neural tube but excluding the floor plate in +/+ embryos at E9.5 (Fig. 6E,G) , is expressed in a broadly similar domain in Lp/Lp embryos (Fig. 6F,H) .
In view of the ventralisation of somitic patterning in looptail embryos, we studied in more detail whether there may be a dorsal shift of the zone of Pax6 expression in Lp/Lp embryos. The distance from the mid-ventral position to the ventral boundary of Pax6 was found to be significantly increased in Lp/Lp embryos at the caudal level (141 ± 14 mm; n = 4) compared with +/+ (98 ± 11 mm; n = 4; P Ͻ 0.05), indicating the presence of a dorsal shift in the expression domain of Pax6 in the mutant embryos. There were no significant differences at more rostral levels (Lp/Lp, n = 10; +/+, n = 7) confirming that the defect in loop-tail is most severe caudally. We also performed radioactive in situ hybridisation on E9.5 Lp/Lp and +/+ embryos, probing adjacent sections for Shh and Pax6 (Fig. 8) . This analysis confirms the enlarged domain of Shh expression in the Lp/Lp Fig. 5 . Notochordal defects precede failure of neural tube closure in Lp/Lp embryos. Whole mount in situ hybridisation analysis of Shh expression at E8.5 in +/+ (A,D; n = 5) and Lp/Lp (B,C,E; n = 6) embryos. At low magnification (B), Shh expression can be detected throughout the notochord, in the rostral primitive streak and in the foregut and hindgut. Ventral views of whole mounts at higher magnification (A,C) show uniform Shh expression in the +/+ notochord (A) whereas the Lp/Lp embryo exhibits a longitudinal discontinuity of notochordal expression (arrow in C) at the level of somites 4-5 (i.e. at the level that neural tube closure should be initiated). Transverse sections through this region demonstrate that notochordal expression in the Lp/Lp embryo is decreased in the midline (arrows in E), giving the appearance of a split notochord, whereas expression in the +/+ notochord is continuous across the midline (arrow in D). Note that Shh expression is being initiated at the ventral boundary of the neural plate in both wild-type and mutant (arrowheads in D and E), marking the onset of floor plate differentiation. f, foregut; h, hindgut; nt, notochord; ps, primitive streak. Scale bars: A,C = 0.18 mm; B = 0.52 mm; D, E = 0.05 mm. neural tube (Fig. 8F) , and illustrates more clearly the increased size of the Pax6-negative domain in the ventral neural tube of Lp/Lp embryos (Fig. 8B,D) compared with +/ + embryos (Fig. 8A,C) . We conclude that patterning in the neural tube is ventralised in loop-tail embryos, although to a less dramatic extent than in the somites.
Discussion
In the present study of homozygous Lp embryos, we have detected a broad, flattened, midline region of neural plate overlying an abnormally broad notochord prior to the usual stage of initiation of neural tube closure at E8.5. Lp/Lp embryos fail in this closure event and go on to develop a malformation in which the neural tube remains open from midbrain to tail, closely resembling human craniorachischisis.
Abnormalities of floor plate, notochord and somite specification in Lp embryos
We found extended domains of expression of Shh and Netrin1, both markers of floor plate, in the midline of the mutant neuroepithelium suggesting an over-abundant differentiation of the floor plate in Lp homozygotes. Moreover, the notochord marker Brachyury is over-expressed, consistent with the presence of an enlarged notochord, whereas the paraxial mesoderm appears ventralised, with an extended domain of expression of the sclerotomal marker Fig. 7 . Disturbance of Notch1, but not of Mox1, expression in Lp/Lp embryos. Whole mount in situ hybridisation analysis of Notch1 (A-D) and Mox1 (E,F) expression at E8.5 (A) and E9.5 (B-F). Notch1 is expressed in a band at the rostral end of the presomitic mesoderm just caudal to the most recently formed somite (arrows in A, B). Expression is markedly weaker and less well circumscribed in Lp/Lp (n = 4 at E8.5 and E9.5) than in +/+ (E8.5, n = 9; E9.5, n = 10), with Lp/+ embryos (E8.5, n = 6; E9.5, n = 12) having an intermediate appearance. Transverse sections through the rostral presomitic mesoderm demonstrate uniformly reduced expression of Notch1 in Lp/Lp embryos (D) compared with +/+ (C). Mox1 is expressed throughout the entire paraxial mesoderm with a similar intensity and pattern of expression in +/+ (E; n = 3) and Lp/Lp (F; n = 3) embryos. n, neural tube; s, somite. Scale bars: A = 0.6 mm; B = 0.95 mm; C-F = 0.1 mm.
Pax1 and diminished expression of the dermomyotomal marker Pax3.
It is well established that signals from the floor plate and notochord promote ventral somite differentiation. For instance, grafting an additional notochord or floor plate in the chick induces sclerotome formation, with increased expression of Pax1, whereas dermomyotome is suppressed, with reduced expression of Pax3 (Brand-Saberi et al., 1993; Pourquié et al., 1993) . Conversely, removal of the notochord results in absence of sclerotome and excessive differentiation of dermomyotome (Pourquié et al., 1993) . The signalling molecule Shh appears to be responsible for this ventralising effect of the notochord and floor plate on somite differentiation (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) . Ectopic expression of Shh mimics grafting of an additional notochord or floor plate: Pax1 expression is induced with increased intensity, and at ectopic locations, beyond the normal limits of the sclerotome. It seems likely, therefore, that the over-abundant differentiation of floor plate and notochord in the Lp/Lp embryo produces excessive levels of functional Shh gene product that lead to ventralisation of the somites. 
Ventralisation of the caudal neural tube in Lp embryos
In contrast to the marked ventralisation in the paraxial mesoderm, we detected a less dramatic dorsal shift in the expression domain of Pax6 in the neural tube, which mainly affected the caudal region of Lp/Lp embryos. This finding is consistent with the observation that motor neurons develop at relatively normal sites in the open loop-tail neural tube at more rostral levels (Wilson and Wyatt, 1995) . Ventralisation of the neural tube in loop-tail is not only less dramatic than that seen in the paraxial mesoderm, but also contrasts with that seen in other mouse mutants. For instance, in Danforth's short tail, the notochord degenerates and dorsal neural tube markers are expressed more ventrally (Goulding et al., 1993) while, in open brain, dorsal specification appears defective and ventral neural tube markers are expressed more dorsally (Günther et al., 1994) . Induction of an ectopic floor plate, by grafting a notochord, also alters gene expression domains and the site of differentiation of specific neuronal cell types within the neural tube (Van Straaten et al., 1985; Placzek et al., 1990; Yamada et al., 1991; Goulding et al., 1993) . Recently, Pax6 expression has been shown to be under the control of graded Shh signalling (Ericson et al., 1997) . Our findings suggest that over-expression of Shh at its normal site of production may have a relatively mild effect on gene expression domains in adjacent regions of the neural tube, with marked variation along the body axis. Similarly, the domain of Pax3 expression in the neural tube is not altered when Shh is expressed ectopically from COS cells grafted next to the neural tube (Johnson et al., 1994) . The effect of Shh is known to be critically concentration-dependent , and it is possible that the concentration of Shh released from the enlarged floor plate in loop-tail, or from expressing COS cells, is too low to have a major influence on patterning at rostral levels of the neural tube.
Abnormal segmentation of paraxial mesoderm in Lp embryos
A ventralising effect of the enlarged floor plate cannot easily explain the irregular segmentation of the paraxial mesoderm in Lp/Lp embryos, which leads to later disturbance of axial skeletogenesis. Moreover, the general somite marker Mox1 (Candia et al., 1992 ) is expressed essentially normally in Lp/Lp embryos, in keeping with the previous findings that Mox1 expression is not influenced by variation in the expression of either Brachyury or Shh (Conlon et al., 1995a) . Significantly, however, we find that expression of Notch1, a gene that is crucially involved in the co-ordination of somitogenesis, is markedly altered in the presomitic mesoderm of Lp/Lp embryos. Notch1 is expressed at the rostral end of the presomitic mesoderm, in cells that are destined to form the next somite (Reaume et al., 1992) . Homozygosity for a null mutation in Notch1 leads to uncoordinated somite segmentation (Conlon et al., 1995b) , and we suggest that the failure to express Notch1 correctly may be responsible for the irregularity of somite formation in Lp/ Lp embryos.
A possible defect in the node of Lp embryos
Loop-tail embryos exhibit defects of both notochord and floor plate, which share an origin in the axial mesoderm of the node, at the anterior extremity of the primitive streak (Selleck and Stern, 1991; Schoenwolf et al., 1992; Catala et al., 1996) . This raises the possibility of a defect in primitive streak development in Lp/Lp embryos, an idea that is supported by our observation of diminished expression of Brachyury in the primitive streak of E8.5 Lp/Lp embryos. Disturbed expression of Notch1 in loop-tail embryos could also reflect a primitive streak defect, since Conlon et al. (1995b) suggest that localisation of the bilaterally symmetrical domains of Notch1 expression at the rostral end of the presomitic mesoderm may be controlled by signals emanating from the primitive streak. Thus, we speculate that the Lp gene product may influence the allocation of cells to the pathway of node development. According to this idea, the defects of notochord and floor plate represent primary abnormalities in loop-tail whereas the somitic defects are secondary, resulting from faulty segmentation as a result of poorly defined Notch1 expression domains, and from ventralisation as a result of excessive Shh signalling.
What is the cause of failure of neural tube closure in Lp embryos?
We and others (Wilson and Wyatt, 1992) have observed that the neural folds of Lp/Lp embryos never become apposed in the dorsal midline, suggesting that failure of closure is probably caused by a lack of neural fold elevation, rather than a problem of adhesion between the neural folds. It is important to ask whether the defect of neurulation in Lp embryos results from presence of an enlarged floor plate and notochord, or from the ventralisation and/or irregularity of the somites, or from abnormalities in another tissue.
Analysis of a variety of mouse mutant strains provides compelling evidence that somite abnormalities are not generally associated with failure to initiate neural tube closure. The somites are absent in homozygotes for a null mutation in fgfr1 (Yamaguchi et al., 1994) , they are severely disorganised in the RBP-J(knockout (Oka et al., 1995) , lack epithelialised structure in the paraxis knockout (Burgess et al., 1996) , and appear irregular in the Notch1 knockout (Conlon et al., 1995b ). Yet in each case, initiation of neural tube closure (i.e. Closure 1) appears to occur successfully at E8.5, although the newly formed neural tube is often kinked and irregular. Since the somite defects in Lp are less severe than in these other mutants, it seems very unlikely that somite defects can be directly responsible for the unique abnormality of neural tube closure in Lp.
Other mechanical forces have been implicated in neural tube closure including coordinated elongation of the body axis (Jacobson and Gordon, 1976) , expansion of the surface ectoderm (Alvarez and Schoenwolf, 1992) and contraction of apically-arranged actin microfilaments (Baker and Schroeder, 1967) . However, in previous studies, we could not detect abnormalities in any of these factors to account for the faulty initiation of neural tube closure (i.e. Closure 1) in Lp homozygotes. For instance, axial elongation occurs at the normal rate prior to failure of neural tube closure in Lp homozygotes, cell proliferation in the surface ectoderm and in other embryonic tissues is indistinguishable from wildtype, and the distribution of phalloidin-binding microfilaments appears similar in Lp/Lp and wild-type embryos (Gerrelli and Cogram and Copp, unpublished work) . We conclude that, although the loop-tail gene defect may hamper neurulation in several ways, the specific failure to initiate neural tube closure at the cervical/hindbrain boundary seems most likely to result from over-abundant differentiation of floor plate and notochord. Enlargement of the floor plate, in the absence of other defects of neural tube patterning, uniquely distinguishes Lp from other mouse mutants. Similarly, the phenotype of failure of Closure 1 is unique to Lp. For the neural tube to close, the neural plate must bend and this is accomplished in the upper spinal region of the mouse (including the site of Closure 1) by bending at a single midline site, the median hinge point (Shum and Copp, 1996) . The neuroepithelium remains straight on either side of this hinge point with the result that the apical surfaces of the neural folds are brought together like the closing of a book, with the creation of a slit-like lumen within the newly formed neural tube (Shum and Copp, 1996) . Thus, any disturbance of the median hinge point could interfere with neural fold elevation and apposition. We suggest that the presence of a broad region of flat neural plate in the midline displaces the sites of neuroepithelial bending to more lateral positions, thereby interfering with apposition of the neural folds and leading to the severe neural tube defect seen in Lp/Lp embryos.
Experimental procedures

Mouse strains and embryos
The LPT/Le congenic strain, which carries the Lp mutation, was obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and has now been bred to F110 in our laboratory. Heterozygous LPT/Le males were mated with CBA/Ca females, and the F1 Lp/+ mice were intercrossed to produce experimental litters containing Lp/Lp, Lp/+ and +/+ embryos. Embryos, harvested at either E8.5 or E9.5 (E0.5 is the day of finding a copulation plug), were dissected in Dulbecco's modified Eagle's Medium containing 25 mM Hepes (Gibco-BRL) and 10% fetal calf serum. Embryonic genotype at the Lp locus was determined by PCR on DNA extracted from the yolk sac of each embryo, as described previously (Copp et al., 1994) .
Histology and scanning electron microscopy
For histological examination, embryos were fixed in Bouin's fluid overnight, embedded in paraffin wax, sectioned transversely at 6 mm and stained with haematoxylin and eosin. Embryos for scanning electron microscopy were removed from the yolk sac, keeping the amnion intact in order to maintain morphology of the neural folds as faithfully as possible. Fixation was in Bodian's fluid (5 ml of 99% acetic acid, 90 ml of 80% ethanol, 5 ml of 37% formaldehyde) followed by scanning electron microscopy according to a previously described technique (Stanisstreet, 1990) .
In situ hybridisation
cDNA probes used for in situ hybridisation were as described previously: Shh (Echelard et al., 1993) , Netrin1 (Kennedy et al., 1994) , Brachyury (Herrmann, 1991) , Pax1 (Koseki et al., 1993) , Pax3 (Goulding et al., 1991) , Pax6 (Püschel et al., 1992) , Notch1 (Reaume et al., 1992) and Mox1 (Candia et al., 1992) . The whole mount in situ hybridisation method of Wilkinson (1992) was used, with modifications as described (Conway et al., 1997) . Following photography on a Zeiss SV11 photo-microscope, whole mount embryos were either embedded in paraffin wax and sectioned at 20 mm on a microtome, or embedded in a mixture of 0.45% gelatine, 27% albumin, 18% glucose in PBS which was solidified by addition of 1/10 volume of 30% glutaraldehyde. These embryos were sectioned at 50 mm using a Vibratome Series 1000, and sections were stored under coverslips in PBT/glycerol (1:1) at 4°C. Measurements on neural tubes were performed on scanned embryonic images using NIH Image version 1.57 software.
Radioactive in situ hybridisation was performed as described (Angerer and Angerer, 1992) with the following modifications. Briefly, 8-mm paraffin sections were dewaxed and rehydrated, treated with 20 mg/ml proteinase K for 8 min, washed in PBS, dipped in 0.5% acetic anhydride, dehydrated and air-dried. Labelled probe was applied to the sections at a final concentration of 5 × 10 4 cpm/ml at 55°C overnight in a humid environment. The sections were washed at high stringency to 0.1× SSC at 50°C, dipped in Ilford K5 emulsion and exposed in the dark for up to a week at 4°C. After developing, the sections were counter-stained with toluidine blue, mounted and photographed using a Zeiss Axiophot microscope.
Skeleton and cartilage whole-mount staining
Embryos were fixed in 90% ethanol, 20% glacial acetic acid and 0.3 mg/ml Alcian Blue for 2-3 days (Kessel et al., 1990) , and then de-skinned to allow the stain to penetrate fully. Following rehydration, embryos were stained with 0.5% potassium hydroxide containing 0.2 mg/ml Alizarin Red S for 1-2 h, then de-stained in 0.5% potassium hydroxide in 50% glycerol and transferred to 100% glycerol for storage.
